Abstract: This paper describes the finite element (FE)-based design of a slotted tubular permanent magnet actuator (TPMA) used in railway vehicle active lateral secondary suspension that improves the actuator's thrust and lowers its cogging force under thermal and geometric constraints. To consider the electromagnetic and thermal fields and the complex interactions among the design variables, design was carried out in an electromagnet and thermal field environment using accurate and time-effective FE analysis. A six-slot prototype model was fabricated to estimate critical thermal parameters, which are difficult to compute without experiments. Three-dimensional FE analysis using the determined thermal parameters was adopted to calculate the precise thermal distribution of the TPMA and verify the forced air-cooling effect. A prototype TPMA with a quasi-Halbach array of permanent magnets and a moving magnet was manufactured through the FE-based design process; the dynamic, electromagnetic, and thermal characteristics of the prototype TPMA were validated experimentally.
Introduction
With the increasing use of railway vehicles, many countries have become interested in the development of high-speed trains, as they have been proven to be an effective and economical means of transportation. However, increased train speeds cause significant vibration problems, which degrade passenger comfort and operational safety, and increase track maintenance costs [1, 2] . Because modifications and improvements to railway vehicles to reduce vehicle vibration are less costly than modifications to the track, various types of suspension systems linking the bogies and the car bodies have been studied. One method, active lateral secondary suspension, has been developed to enhance or maintain passenger comfort in the face of increased vehicle speeds and inferior track conditions [3, 4] .
To apply active lateral secondary suspension, an actuator with high power density, high thrust force, and excellent servo characteristics must be installed between the car body and the bogie, to handle the heavy, floating weight of the car body and passengers. Over the last few decades, a variety of railway actuator types have been studied. Hydraulic actuators are compact and can easily be installed in the narrow spaces between the car body and the bogie [5, 6] ; however, they have a low control bandwidth and are at risk of oil leakage [7, 8] . Furthermore, in order to control the force of hydraulic actuators, the hydraulic valve must be driven by an additional low-power electromagnetic actuator [9] . Moreover, a highly complex controller design is required to account for severe nonlinear dynamics of hydraulic actuators [10] [11] [12] . Although pneumatic actuators are relatively cheap and there is no liquid leakage, the controllable frequency bandwidth is restricted to 2-3 Hz and they suffer from an air consumption problem [13, 14] . Semi-active magnetorheological fluid damper can generate high yield strength, have low cost of production, require low power [15, 16] . However, the force remains dependent upon the speed of damper movement, which means that large forces cannot be produced with low speed. Electromagnetic (EM) actuators exhibit good frequency response and allow for bidirectional power flow, thus enabling both active and passive modes [9, [17] [18] [19] . In addition, EM actuators do not require continuous power, intricate control, or any fluid [20] . Among the various types of EM actuators, the tubular permanent magnet actuator (TPMA) is one of the most suitable actuators with all of the required characteristics [21] [22] [23] .
Numerous studies have focused on a TPMA design to ensure maximum performance under constraints using electromagnetic and thermal analysis. Wang et al. [21] developed a high force density linear actuator for active vehicle suspension, which consists of a brushless tubular permanent-magnet actuator. A thermal network model has been established using the thermal resistances derived using the governing principle of heat conduction, assuming the thermal dissipation in the machine is predominant in the radial direction. The model was used to maximize thrust density against a given set of volumetric and thermal constraints. Although these methods provide analytical means for establishing a rough temperature distribution, they require a subsequent series of assumptions and experimental verification to obtain accurate results. In particular, several thermal parameters have a large effect on the temperature distribution of a TPMA, but it is difficult to obtain these data without experiments. Some of the data regard investigation of the interface gap between components, the forced convection heat transfer coefficient, the thermal conductivities of laminated stator cores, etc. [24] . Furthermore, since the cooling effect on the housing of the actuator is not considered during the design process, the temperature distribution of the final prototype with the housing may have a large error under forced convection conditions. Gysen et al. [25] developed an active electromagnet suspension system for automotive application by combining a brushless tubular permanent-magnet actuator with a passive spring. The target thrust force of the actuator was determined through a one-lap test drive. The performance of the actuator was analyzed for different magnetization topologies as well as for interior-and exterior-magnet solutions using the analytical method [26] for predicting electromagnetic performance and a two-dimensional (2-D) thermal finite element (FE) model. However, since the end effects of the finite length of the stator and translator are neglected in the above-mentioned electromagnetic analysis, it is difficult to accurately calculate the cogging force of the actuator. The cogging force of electromagnetic actuator is the force from the interaction between the permanent magnets of the mover and the stator slots. Since this force results in thrust ripples and reduces the servo characteristics, cogging force reduction is one of the most important factors to consider in the design of a permanent magnet actuator.
This paper describes an FE-based design of a slotted TPMA used for railway vehicle active lateral secondary suspension, which improves the actuator's thrust and lowers its cogging force under thermal and geometric constraints. The specifications of the TPMA were derived based on experimental data for a conventional passive damper used in a test train. A six-slot prototype model was constructed to determine and develop well-defined thermal parameters to ensure reliable thermal FE analysis. A three-dimensional (3-D) thermal FE analysis was adopted to calculate the precise thermal distribution of the TPMA and verify the forced air-cooling effect. According to various design variables, the change in electromagnetic and thermal characteristics were analyzed considering nonlinearity, forced air-cooling effects, and slot opening. Finally, a prototype TPMA was manufactured from the FE-based design, and the dynamic, electromagnetic, and thermal characteristics with forced air-cooling were verified experimentally.
Tubular Permanent Magnet Actuator (TPMA) Specifications
A schematic diagram of an active lateral secondary suspension system is shown in Figure 1 . In the design, the electromechanical (EM) actuator is installed between the car body and the bogie. Using a spherical rubber joint consisting of a connecting rod and high-stiffness rubber, the stationary part of the actuator is connected to the bogie, and the moving part is connected to the interface bolster under the car body. Two EM actuators are installed at each end of the car body. Using a spherical rubber joint consisting of a connecting rod and high-stiffness rubber, the stationary part of the actuator is connected to the bogie, and the moving part is connected to the interface bolster under the car body. Two EM actuators are installed at each end of the car body. The size, bandwidth, thrust, stroke, and allowable temperature make up the specifications of the TPMA for active lateral secondary suspension. These specifications must be clearly defined to utilize the active lateral secondary suspension effectively. The size specifications were determined by considering the size of the prototype test bogie and bolster to be developed for the railway vehicle with active lateral secondary suspension. The stator outer diameter and axial length were set to 200 mm and 1000 mm, respectively, by considering the available space between the bogie and the interface bolster where the TPMAs were installed, as shown in Figure 1 .
In a railway vehicle, the ride comfort of passengers is decreased by vibration disturbances. There are two different methods that can be used to evaluate the effect of active lateral secondary suspension: Wz and ISO [3, 27] . In the Wz method, 3-7 Hz is the sensitive range for lateral vibration, and the 0.6-2 Hz component of lateral vibration has a large influence on ride comfort in the case of ISO 2631 [28] .
To reduce the lateral vibration of a railway car, a high thrust force is required to move the car body, which weighs dozens of tons, and a low cogging ripple is necessary to provide excellent servo characteristics. The design must achieve the thrust goal under conditions that do not exceed the allowable temperature, and a sufficient axial stroke must be ensured to avoid failure of the railway vehicle and actuator due to sudden shocks. When traveling around a curve with a small radius at high speed, the car body tends to move laterally outward in relation to the track and bogies; thus, a quasi-static displacement arises between the stationary part connected to the bogie and the moving part connected to the car body due to centrifugal force; the moving part may collide with the stationary part, which could ultimately lead to actuator failure.
To determine the target thrust force and stroke, driving tests were performed using a test train with conventional lateral passive dampers. In order to measure the behavior of the convectional passive damper, a non-contact laser sensor was installed between the car body and bogie. The relative velocity and displacement between the damper and the car body were measured. Figure 2 shows the relative lateral velocity and displacement distributions of the front and rear conventional lateral passive dampers. In real track experiments where the maximum speed of the test train was 210 km/h, the lateral relative velocities were generally less than 0.05 m/s, and the relative displacements were generally less than 10 mm. However, the maximum displacement was 40 mm and the maximum velocity was 0.22 m/s. According to the real track experimental results, the stroke of the TPMA must be greater than ±40 mm. Thus, the stroke of the TPMA was set to ±50 mm. The maximum target thrust The size, bandwidth, thrust, stroke, and allowable temperature make up the specifications of the TPMA for active lateral secondary suspension. These specifications must be clearly defined to utilize the active lateral secondary suspension effectively. The size specifications were determined by considering the size of the prototype test bogie and bolster to be developed for the railway vehicle with active lateral secondary suspension. The stator outer diameter and axial length were set to 200 mm and 1000 mm, respectively, by considering the available space between the bogie and the interface bolster where the TPMAs were installed, as shown in Figure 1 .
To determine the target thrust force and stroke, driving tests were performed using a test train with conventional lateral passive dampers. In order to measure the behavior of the convectional passive damper, a non-contact laser sensor was installed between the car body and bogie. The relative velocity and displacement between the damper and the car body were measured. Figure 2 shows the relative lateral velocity and displacement distributions of the front and rear conventional lateral passive dampers. In real track experiments where the maximum speed of the test train was 210 km/h, the lateral relative velocities were generally less than 0.05 m/s, and the relative displacements were generally less than 10 mm. However, the maximum displacement was 40 mm and the maximum velocity was 0.22 m/s. According to the real track experimental results, the stroke of the TPMA must be greater than ±40 mm. Thus, the stroke of the TPMA was set to ±50 mm. The maximum target thrust force was 7700 N, calculated by considering the measured maximum velocity and the damping coefficient of the passive damper, which was 35 kNs/m. As the operating temperature of the electromagnetic actuator increases, the life of the insulator decreases. If the actuator constantly operates above the maximum allowable temperature, it causes a thermal problem and the actuator will not operate [29] . As this is an important factor that prevents damage to the insulating material, the maximum allowable temperature of the actuator was determined by considering the insulation of the component. The maximum allowable temperature of the TPMA is 130 °C, corresponding to insulation class B. Because these criteria are related to the thermal characteristics and the target thrust of the actuator, they must always be considered in the design process. The TPMA specifications for active lateral secondary suspension of a railway vehicle are summarized in Table 1 . 
Electromagnetic and Thermal Finite Element (FE) Model

Overall Structure
In order to apply an active lateral suspension system to a railway vehicle under the aforementioned design constraints, it is important to choose an appropriate topology from among the various geometric arrangements available for the TPMA design, as shown in Figure 3 . In a tubular machine, there are two main components: the moving element (referred as the mover) and the stationary element (referred as the stator). The overall configuration is classified as either a 'moving magnet' or a 'moving coil.' In a moving magnet configuration, magnets are placed on the mover and coils are placed on the stator. As the operating temperature of the electromagnetic actuator increases, the life of the insulator decreases. If the actuator constantly operates above the maximum allowable temperature, it causes a thermal problem and the actuator will not operate [29] . As this is an important factor that prevents damage to the insulating material, the maximum allowable temperature of the actuator was determined by considering the insulation of the component. The maximum allowable temperature of the TPMA is 130 • C, corresponding to insulation class B. Because these criteria are related to the thermal characteristics and the target thrust of the actuator, they must always be considered in the design process. The TPMA specifications for active lateral secondary suspension of a railway vehicle are summarized in Table 1 . 
Electromagnetic and Thermal Finite Element (FE) Model
Overall Structure
In order to apply an active lateral suspension system to a railway vehicle under the aforementioned design constraints, it is important to choose an appropriate topology from among the various geometric arrangements available for the TPMA design, as shown in Figure 3 . In a tubular machine, there are two main components: the moving element (referred as the mover) and the stationary element (referred as the stator). The overall configuration is classified as either a 'moving magnet' or a 'moving coil.' In a moving magnet configuration, magnets are placed on the mover and coils are placed on the stator. In an active lateral secondary suspension, a moving magnet configuration is more suitable than a moving coil configuration since its interior magnet topology eliminates the cable slab and its thermal characteristics are excellent because the exterior coils (which are primary heat sources) effectively expel the heat.
For comparable sizes and weights, the force density attainable by a long tubular mover arrangement is higher than that attainable by a short tubular mover arrangement. However, a short tubular mover arrangement is more appropriate for this application because of the large stroke of the TPMA in the limited design space.
In addition, tubular topologies considering the core shape are divided into slotless and slotted types. A slotted actuator has a large cogging ripple compared to a slotless actuator, but a slotted actuator can generate higher thrust forces because of the magnetic field generated by the interaction between the magnets and the core. Also, the cogging force of a slotted actuator can be sufficiently reduced by design optimization. Figure 4 shows the overall structure of the TPMA. The mover consisted of segmented magnets, a yoke, and a shaft. The stator consisted of five pairs of three-phase U, V, and W coils, a laminated core, and an aluminum housing that contained the cooling fin. Laser displacement sensors were used to measure the axial position of the mover. Figure 5 shows the topology and the design variables of the TPMA. The initial design variables of the TPMA are summarized in Table 2 . In an active lateral secondary suspension, a moving magnet configuration is more suitable than a moving coil configuration since its interior magnet topology eliminates the cable slab and its thermal characteristics are excellent because the exterior coils (which are primary heat sources) effectively expel the heat.
In addition, tubular topologies considering the core shape are divided into slotless and slotted types. A slotted actuator has a large cogging ripple compared to a slotless actuator, but a slotted actuator can generate higher thrust forces because of the magnetic field generated by the interaction between the magnets and the core. Also, the cogging force of a slotted actuator can be sufficiently reduced by design optimization. Figure 4 shows the overall structure of the TPMA. The mover consisted of segmented magnets, a yoke, and a shaft. The stator consisted of five pairs of three-phase U, V, and W coils, a laminated core, and an aluminum housing that contained the cooling fin. Laser displacement sensors were used to measure the axial position of the mover. Figure 5 shows the topology and the design variables of the TPMA. The initial design variables of the TPMA are summarized in Table 2 . 
Thermal Model Parameters
Although some thermal variables such as thermal contact resistance, the interface gap between components, and the forced convection heat transfer coefficient have a large effect on the temperature distribution of the TPMA, they are difficult to calculate without experiments or working experience of similar designs [24] . Thus, a six-slot prototype model, shown in Figure 6a , was fabricated to estimate the critical thermal parameters of the TPMA with initial and fixed design variables, as shown in Table 2 . The six-slot prototype consisted of two pairs of three-phase coils, a laminated core, and an aluminum housing with fins. The air-cooling system was composed of annular fins circumferentially attached to the cylinder, and designed to enhance heat transfer from the surface to the surrounding air. The fin was designed in consideration of the manufacturing limitations, allowable stiffness, and 
Although some thermal variables such as thermal contact resistance, the interface gap between components, and the forced convection heat transfer coefficient have a large effect on the temperature distribution of the TPMA, they are difficult to calculate without experiments or working experience of similar designs [24] . Thus, a six-slot prototype model, shown in Figure 6a , was fabricated to estimate the critical thermal parameters of the TPMA with initial and fixed design variables, as shown in Table 2 . The six-slot prototype consisted of two pairs of three-phase coils, a laminated core, and an aluminum housing with fins. The air-cooling system was composed of annular fins circumferentially attached to the cylinder, and designed to enhance heat transfer from the surface to the surrounding air. The fin was designed in consideration of the manufacturing limitations, allowable stiffness, and cooling efficiency. The temperatures of eight points (on the outer surface of the mover, coils, and housing, and on the inner surface of the cores) were measured using thermocouples.
Appl. Sci. 2017, 7, 152 7 of 17 cooling efficiency. The temperatures of eight points (on the outer surface of the mover, coils, and housing, and on the inner surface of the cores) were measured using thermocouples. There are five critical thermal parameters that can affect the thermal characteristics: the thermal contact resistance between the coil and the core, the core and the housing, and the stator and the mover; the thermal conductivity of the laminated core; and the coefficient of forced convection of the housing with fins, shown in Figure 6b . In general, it is difficult to estimate the air flow through a TPMA under a car body when the train is in motion. Therefore, to propose design guidelines for the air-cooling system, the flow through the TPMA must be simplified, and the cooling effect with respect to the air velocity must be verified experimentally. Figure 6c shows the setup for a wind-tunnel test of the six-slot prototype model. The external air flow in the direction normal to the axis of the TPMA and the thermal characteristics were validated from low to high speed (30 m/s). The thermal analysis was performed using 3-D FE analysis to ensure accurate simulation results [30] . Accordingly, to increase the reliability of the thermal FE model, the thermal experiments were carried out at three input direct current (DC) continuously induced in the three-phase coils. Figure 7a shows the results of the wind tunnel test at various air velocities. The maximum temperature in the coil decreased exponentially with air velocity. It was confirmed that air velocities from 3 m/s to 10 m/s substantially affected the thermal performance but enhancement of air cooling was markedly diminished at air velocities higher than 10 m/s. The coefficients of forced convection of the heat sink were determined for each wind speed. The measured temperature distributions agreed well with FE analysis using the determined thermal parameters, as shown in Figure 7b . Thus, the reliability of the five parameters was verified. The thermal properties used in the simulation are summarized in Table 3 . There are five critical thermal parameters that can affect the thermal characteristics: the thermal contact resistance between the coil and the core, the core and the housing, and the stator and the mover; the thermal conductivity of the laminated core; and the coefficient of forced convection of the housing with fins, shown in Figure 6b . In general, it is difficult to estimate the air flow through a TPMA under a car body when the train is in motion. Therefore, to propose design guidelines for the air-cooling system, the flow through the TPMA must be simplified, and the cooling effect with respect to the air velocity must be verified experimentally. Figure 6c shows the setup for a wind-tunnel test of the six-slot prototype model. The external air flow in the direction normal to the axis of the TPMA and the thermal characteristics were validated from low to high speed (30 m/s). The thermal analysis was performed using 3-D FE analysis to ensure accurate simulation results [30] . Accordingly, to increase the reliability of the thermal FE model, the thermal experiments were carried out at three input direct current (DC) continuously induced in the three-phase coils. Figure 7a shows the results of the wind tunnel test at various air velocities. The maximum temperature in the coil decreased exponentially with air velocity. It was confirmed that air velocities from 3 m/s to 10 m/s substantially affected the thermal performance but enhancement of air cooling was markedly diminished at air velocities higher than 10 m/s. The coefficients of forced convection of the heat sink were determined for each wind speed. The measured temperature distributions agreed well with FE analysis using the determined thermal parameters, as shown in Figure 7b . Thus, the reliability of the five parameters was verified. The thermal properties used in the simulation are summarized in Table 3 . 
Electromagnetic and Thermal Modelling of TPMA
Both electromagnetic and thermal analyses are essential when designing a TPMA, because the thermal and electromagnetic characteristics are coupled [31] . Thus, a coupled-fields analysis model was applied. The results of the EM analysis were used as heat sources for the thermal analysis, and the results of the thermal analysis were then used to describe changes in the EM field caused by the heat source.
Electromagnetic FE techniques provide an accurate means of determining the field distribution, including cases with flux leakage, fringing, magnetic saturation, and complex core shapes [32] . The EM analysis was performed using an FE model considering nonlinear magnetic and cylindrical symmetric conditions. A 3-D FE analysis is required to calculate the eddy current loss from permanent magnets accurately [33] . However, in the case of the proposed TPMA, the eddy current loss was as small as 0.25% of the copper loss because the servo bandwidth of the TPMA was 10 Hz and the core of the stator was composed of laminated silicon steel. Accordingly, time-effective two-dimensional (2-D) FE analysis was used for the design; the accuracy of the 2-D FE model was verified by comparison with the results of the 3-D FE model. The difference between the magnetic flux density in the air gap was less than 1%.
The 2-D cylindrical FE model consisted of five pairs of three-phase coils, a laminated silicon steel core, and quasi-Halbach magnets. The aluminum housing and austenitic stainless steel shaft were excluded from the model because they do not affect the magnetic fields. Figure 8a shows the FE-predicted open-circuit flux distributions for zero axial displacements using the commercial software ANSYS Maxwell (V17.2.0, Ansys, Inc., Canonsburg, PA, USA). The TPMA thermal analysis model was built in three dimensions and applied to the boundary conditions and thermal critical parameters throughout the previous six-slot prototype experiment to find the temperature increase and the maximum temperature due to losses from each part of the actuator. As shown in Figure 8b , 
The 2-D cylindrical FE model consisted of five pairs of three-phase coils, a laminated silicon steel core, and quasi-Halbach magnets. The aluminum housing and austenitic stainless steel shaft were excluded from the model because they do not affect the magnetic fields. Figure 8a shows the FE-predicted open-circuit flux distributions for zero axial displacements using the commercial software ANSYS Maxwell (V17.2.0, Ansys, Inc., Canonsburg, PA, USA). The TPMA thermal analysis model was built in three dimensions and applied to the boundary conditions and thermal critical parameters throughout the previous six-slot prototype experiment to find the temperature increase and the maximum temperature due to losses from each part of the actuator. As shown in Figure 8b , the 3-D thermal FE model consisted of five pairs of three-phase coils, a laminated core, an aluminum cover, a magnet, a yoke, a shaft, and a housing. A one-sixth cylindrical model was used to reduce the analysis time. The maximum saturated temperature was 112 • C in the V phase coil with DC 80 A and 3 m/s forced convection using the commercial software ANSYS (V17.2.0, Ansys, Inc., Canonsburg, PA, USA); heat was transferred through conduction and convection.
Appl. Sci. 2017, 7, 152 9 of 17 the 3-D thermal FE model consisted of five pairs of three-phase coils, a laminated core, an aluminum cover, a magnet, a yoke, a shaft, and a housing. A one-sixth cylindrical model was used to reduce the analysis time. The maximum saturated temperature was 112 °C in the V phase coil with DC 80 A and 3 m/s forced convection using the commercial software ANSYS (V17.2.0, Ansys, Inc., Canonsburg, PA, USA); heat was transferred through conduction and convection. Figure 9 shows the design procedure of the TPMA. The gradient-based optimization method was used to maximize the thrust density and minimize the cogging force under the geometric and thermal constraints. The thrust density, maximum cogging force, and losses were determined by electromagnetic 2-D FE analysis of the initial models. The maximum cogging force was obtained by calculating the cogging force at each axial position without current. The temperature distribution was determined by thermal 3-D FE analysis considering forced convection using the thermal parameters determined through thermal experiments. Table 4 lists the design specifications, including the peak temperature, geometrical limitations, and design domains. Figure 9 shows the design procedure of the TPMA. The gradient-based optimization method was used to maximize the thrust density and minimize the cogging force under the geometric and thermal constraints. The thrust density, maximum cogging force, and losses were determined by electromagnetic 2-D FE analysis of the initial models. The maximum cogging force was obtained by calculating the cogging force at each axial position without current. The temperature distribution was determined by thermal 3-D FE analysis considering forced convection using the thermal parameters determined through thermal experiments. Table 4 lists the design specifications, including the peak temperature, geometrical limitations, and design domains. Figure 9 shows the design procedure of the TPMA. The gradient-based optimization method was used to maximize the thrust density and minimize the cogging force under the geometric and thermal constraints. The thrust density, maximum cogging force, and losses were determined by electromagnetic 2-D FE analysis of the initial models. The maximum cogging force was obtained by calculating the cogging force at each axial position without current. The temperature distribution was determined by thermal 3-D FE analysis considering forced convection using the thermal parameters determined through thermal experiments. Table 4 lists the design specifications, including the peak temperature, geometrical limitations, and design domains. Design domain R 1 = r my 4 < r my < 7 R 2 = {rm|12 < r m < 18} R 3 = {rc|13 < r c < 20} R 4 = r cy 7 < r cy < 13
Performance Analysis and Design of the TPMA
Other data Current density J = 7.36 A/mm 2 Forced convection coefficient 38 W/m 2 K 1 1 at 8 m/s forced convection. Figures 10 and 11 show the thrust density and the maximum temperature variation with radial variables using the electromagnetic and thermal FE analysis. To analyze the effect of each radial design variable on the thrust density and the maximum temperature, variables such as air gap, height of housing, radius of shaft and thickness of insulating paper were fixed. Although increasing the number of turns is the easiest technique for improving the thrust density, it engenders thermal complications, as shown in Figures 10d and 11d . When the height of the coil is larger than 17 mm, the thrust density becomes higher than 3.363 × 10 5 N/m 3 , but the maximum temperature of the actuator becomes higher than the allowable temperature. For this reason, the magnetic flux density must be improved to maximize the thrust force. However, at high magnetic flux densities, hysteresis and magnetic saturation effects occur in magnetic substances such as silicon steel [34] . Figures 10 and 11 show the thrust density and the maximum temperature variation with radial variables using the electromagnetic and thermal FE analysis. To analyze the effect of each radial design variable on the thrust density and the maximum temperature, variables such as air gap, height of housing, radius of shaft and thickness of insulating paper were fixed. Although increasing the number of turns is the easiest technique for improving the thrust density, it engenders thermal complications, as shown in Figures 10d and 11d . When the height of the coil is larger than 17 mm, the thrust density becomes higher than 3.363 × 10 5 N m ⁄ , but the maximum temperature of the actuator becomes higher than the allowable temperature. For this reason, the magnetic flux density must be improved to maximize the thrust force. However, at high magnetic flux densities, hysteresis and magnetic saturation effects occur in magnetic substances such as silicon steel [34] . Figures 10 and 11 show the thrust density and the maximum temperature variation with radial variables using the electromagnetic and thermal FE analysis. To analyze the effect of each radial design variable on the thrust density and the maximum temperature, variables such as air gap, height of housing, radius of shaft and thickness of insulating paper were fixed. Although increasing the number of turns is the easiest technique for improving the thrust density, it engenders thermal complications, as shown in Figures 10d and 11d . When the height of the coil is larger than 17 mm, the thrust density becomes higher than 3.363 × 10 5 N m ⁄ , but the maximum temperature of the actuator becomes higher than the allowable temperature. For this reason, the magnetic flux density must be improved to maximize the thrust force. However, at high magnetic flux densities, hysteresis and magnetic saturation effects occur in magnetic substances such as silicon steel [34] . The heat generated in the coil is mainly transferred to the housing through the tooth and coil yoke, and the amount transferred to the mover is small due to the low thermal conductivity of the air. For this reason, the change in height of the magnet yoke and magnet does not significantly affect the maximum temperature of the actuator as shown in Figure 11a ,c. However, as the magnet height increases, the magnetic flux density increases and the thrust density increases until magnetic saturation occurs as shown in Figure 10c . Figure 10a shows that there is an optimal magnet yoke height value to maximize the thrust density. As the height of the coil yoke becomes smaller than a certain value, the cooling effect by the forced convection is greatly improved, but at the cost of a reduced thrust density, as shown in Figures 10b and 11b. A Halbach array is a special arrangement of permanent magnets that augments the magnetic field on one side of the array while cancelling the field to near zero on the other side. It has a number of attractive characteristics, including a sinusoidal back-electromotive-force waveform, a high force capability, and a low cogging force [35, 36] . Because it is relatively difficult to manufacture magnets with an ideal Halbach magnetization, a simpler form, referred to as a quasi-Halbach magnetization, is preferred [35] .
When the mover is in the initial center position, the net cogging force is zero because the permanent magnet is aligned with the stator teeth. However, when the mover has moved to the axial position in which the magnet flux is not in alignment with stator teeth, the net cogging force is no longer zero [37] . Figure 12 shows the variation of the maximum cogging force with respect to the quasi-Halbach ratio and slot opening. According to these two axial design variables, the magnetic flux density at the teeth changes, and the maximum cogging force value changes accordingly. As shown in Figure 12a , when the ratio shifted from 0.5 to 0.6 at 8 mm slot opening, the maximum cogging force decreased from 1575 to 223 N. And when the slot opening decreased from 16 to 6 mm at 0.6 ratio, the maximum cogging force reduced from 952 to 162 N. Therefore, there are optimal values of axial variables that minimize the cogging force. Figure 12a -c shows that although the coil height increases from 10 to 20 mm, there is almost no change in the optimum value of axial variables. However, the optimum value changes depending on the height of the magnet which directly affects the magnetic flux density, as shown in Figure 12d -f.
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The heat generated in the coil is mainly transferred to the housing through the tooth and coil yoke, and the amount transferred to the mover is small due to the low thermal conductivity of the air. For this reason, the change in height of the magnet yoke and magnet does not significantly affect the maximum temperature of the actuator as shown in Figure 11a ,c. However, as the magnet height increases, the magnetic flux density increases and the thrust density increases until magnetic saturation occurs as shown in Figure 10c . Figure 10a shows that there is an optimal magnet yoke height value to maximize the thrust density. As the height of the coil yoke becomes smaller than a certain value, the cooling effect by the forced convection is greatly improved, but at the cost of a reduced thrust density, as shown in Figures 10b and 11b. A Halbach array is a special arrangement of permanent magnets that augments the magnetic field on one side of the array while cancelling the field to near zero on the other side. It has a number of attractive characteristics, including a sinusoidal back-electromotive-force waveform, a high force capability, and a low cogging force [35, 36] . Because it is relatively difficult to manufacture magnets with an ideal Halbach magnetization, a simpler form, referred to as a quasi-Halbach magnetization, is preferred [35] .
When the mover is in the initial center position, the net cogging force is zero because the permanent magnet is aligned with the stator teeth. However, when the mover has moved to the axial position in which the magnet flux is not in alignment with stator teeth, the net cogging force is no longer zero [37] . Figure 12 shows the variation of the maximum cogging force with respect to the quasi-Halbach ratio and slot opening. According to these two axial design variables, the magnetic flux density at the teeth changes, and the maximum cogging force value changes accordingly. As shown in Figure 12a , when the ratio shifted from 0.5 to 0.6 at 8 mm slot opening, the maximum cogging force decreased from 1575 to 223 N. And when the slot opening decreased from 16 to 6 mm at 0.6 ratio, the maximum cogging force reduced from 952 to 162 N. Therefore, there are optimal values of axial variables that minimize the cogging force. Figure 12a -c shows that although the coil height increases from 10 to 20 mm, there is almost no change in the optimum value of axial variables. However, the optimum value changes depending on the height of the magnet which directly affects the magnetic flux density, as shown in Figure 12d -f. Gradient-based optimization was used to maximize the thrust density and minimize the cogging force under the geometric and thermal constraints and systematically modify the design variables in the model. The established problem is of a multi-objective optimization and the weighted-sum approach technique is applied to solve it [38] . The objective function was the sum of the reciprocal average thrust density and the maximum cogging force to find a unique objective function. Through optimization, the thrust density (force per unit volume) of the initial model increased by 35% from 2.252 × 10 5 to 3.120 × 10 5 N/m 3 under the thermal constraints, and the maximum cogging force decreased by 89% from 2216 to 220 N, which is a reasonable value that is less than 3% of the target thrust force. Table 5 lists the optimized design variables. Figure 13 shows the manufactured TPMA and the experimental setup. The TPMA was fabricated using the previously determined design variables. The axial length and outer diameter of the TPMA were 1 m and 200 mm, respectively, and its weight was 108 kg. A ball screw motor (APM-SE11MC(G7)K1, Mecapion Co., Ltd., Daegu, Korea), connected in series with a load cell (LS-2, CAS Co., Ltd., Jeongeup, Korea) and the shaft of the mover, was installed to measure the cogging force and the thrust force. The data acquisition system was configured to obtain temperature data from the thermocouples embedded in the TPMA. Appl. Sci. 2017, 7, 152 12 of 17
Experimental Verification
Gradient-based optimization was used to maximize the thrust density and minimize the cogging force under the geometric and thermal constraints and systematically modify the design variables in the model. The established problem is of a multi-objective optimization and the weighted-sum approach technique is applied to solve it [38] . The objective function was the sum of the reciprocal average thrust density and the maximum cogging force to find a unique objective function. Through optimization, the thrust density (force per unit volume) of the initial model increased by 35% from 2.252 × 10 5 to 3.120 × 10 5 N/m 3 under the thermal constraints, and the maximum cogging force decreased by 89% from 2216 to 220 N, which is a reasonable value that is less than 3% of the target thrust force. Table 5 lists the optimized design variables. Figure 13 shows the manufactured TPMA and the experimental setup. The TPMA was fabricated using the previously determined design variables. The axial length and outer diameter of the TPMA were 1 m and 200 mm, respectively, and its weight was 108 kg. A ball screw motor (APM-SE11MC(G7)K1, Mecapion Co., Ltd., Daegu, Korea), connected in series with a load cell (LS-2, CAS Co., Ltd., Jeongeup, Korea) and the shaft of the mover, was installed to measure the cogging force and the thrust force. The data acquisition system was configured to obtain temperature data from the thermocouples embedded in the TPMA. The thrust force was measured while increasing the current to a locked TPMA. As shown in Figure 14a , the measured thrust force increased linearly with the input current in both the positive and negative directions. The thrust force was 7700 N when the input current reached 96.3 A, and there was no saturation up to 102 A.
there was no saturation up to 102 A.
The cogging force for a 40 mm period was measured while the mover slowly shifted using the ball screw motor. As shown in Figure 14b , the experimental results matched the simulation results well. The maximum cogging force was low compared with the maximum thrust force. Moreover, as the cogging force was constant at a given position, cogging force ripples could be compensated for via a feedforward control algorithm. The frequency response in Figure 15 shows that the bandwidth of the TPMA was greater than 10 Hz. Because the resonant frequency of the experimental setup was 24 Hz, the thrust constant increased by 6.3%. A phase shift of −7° was caused by hysteresis of the load cell. Furthermore, a phase delay at frequencies above 10 Hz is related to the current amplifier dynamic. To measure the temperature of each component, the thermocouples were imbedded in the TPMA. Other thermocouples were used to measure the ambient and housing outer surface temperatures. Figure 16a shows the experimental results for an input current of 96.3 A, corresponding to 7700 N. The current was applied for at least 1 h and the maximum temperature was 130 °C. Convergence was achieved with a wind speed of 8 m/s at ambient temperature. This speed can be achieved using flow ducts without an additional cooling fan due to the high speed of the railway. The cogging force for a 40 mm period was measured while the mover slowly shifted using the ball screw motor. As shown in Figure 14b , the experimental results matched the simulation results well. The maximum cogging force was low compared with the maximum thrust force. Moreover, as the cogging force was constant at a given position, cogging force ripples could be compensated for via a feedforward control algorithm. The frequency response in Figure 15 shows that the bandwidth of the TPMA was greater than 10 Hz. Because the resonant frequency of the experimental setup was 24 Hz, the thrust constant increased by 6.3%. A phase shift of −7 • was caused by hysteresis of the load cell. Furthermore, a phase delay at frequencies above 10 Hz is related to the current amplifier dynamic.
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The thrust force was measured while increasing the current to a locked TPMA. As shown in Figure 14a , the measured thrust force increased linearly with the input current in both the positive and negative directions. The thrust force was 7700 N when the input current reached 96.3 A, and there was no saturation up to 102 A.
The cogging force for a 40 mm period was measured while the mover slowly shifted using the ball screw motor. As shown in Figure 14b , the experimental results matched the simulation results well. The maximum cogging force was low compared with the maximum thrust force. Moreover, as the cogging force was constant at a given position, cogging force ripples could be compensated for via a feedforward control algorithm. The frequency response in Figure 15 shows that the bandwidth of the TPMA was greater than 10 Hz. Because the resonant frequency of the experimental setup was 24 Hz, the thrust constant increased by 6.3%. A phase shift of −7° was caused by hysteresis of the load cell. Furthermore, a phase delay at frequencies above 10 Hz is related to the current amplifier dynamic. To measure the temperature of each component, the thermocouples were imbedded in the TPMA. Other thermocouples were used to measure the ambient and housing outer surface temperatures. Figure 16a shows the experimental results for an input current of 96.3 A, corresponding to 7700 N. The current was applied for at least 1 h and the maximum temperature was 130 °C. Convergence was achieved with a wind speed of 8 m/s at ambient temperature. This speed can be achieved using flow ducts without an additional cooling fan due to the high speed of the railway. To measure the temperature of each component, the thermocouples were imbedded in the TPMA. Other thermocouples were used to measure the ambient and housing outer surface temperatures. Figure 16a shows the experimental results for an input current of 96.3 A, corresponding to 7700 N. The current was applied for at least 1 h and the maximum temperature was 130 • C. Convergence was achieved with a wind speed of 8 m/s at ambient temperature. This speed can be achieved using flow ducts without an additional cooling fan due to the high speed of the railway. As shown in Figure 16b , since well-defined thermal parameters were applied to the thermal FE model, the error between the experiment and the analysis was small, about 1.5%. As shown in Figure 16b , since well-defined thermal parameters were applied to the thermal FE model, the error between the experiment and the analysis was small, about 1.5%. Thermal experiments were performed to ensure robust thermal characteristics under harsh environmental conditions. Here, the phrase 'harsh environmental conditions' refers to continued operation until the temperature is saturated. In other words, the TPMA was designed conservatively. In reality, the TPMA operates at the maximum thrust force for only a few seconds and the temperature of the coil does not reach the allowable maximum [39] . Thus, for a high-speed railway, the TPMA can operate normally, even when the outside temperature is high.
Conclusions
The design of a three-phase slotted tubular permanent magnet actuator (TPMA) with quasiHalbach magnetization for improved thrust and reduced cogging force was introduced in this paper. The design was conducted using accurate and time-effective finite element (FE) analysis. Critical thermal parameters were determined through experiments on a six-slot prototype model. Through FE-based optimization, the thrust density increased by 35% considering magnetic saturation and forced convection under thermal and geometric constraints, and the cogging force of the prototype was reduced by 89% considering the quasi-Halbach array and slot opening. The thermal and dynamic characteristics of the prototype TPMA were verified by simulation and experiment. The results presented in this paper demonstrate that the proposed electromagnetic and thermal FE analysis can be used to verify the dynamic, electromagnetic, and thermal characteristics of an electromagnetic actuator. The proposed design contributes to the design of a large-scale tubular electromagnetic actuator, which can be applied to active lateral secondary suspension of a railway vehicle. Thermal experiments were performed to ensure robust thermal characteristics under harsh environmental conditions. Here, the phrase 'harsh environmental conditions' refers to continued operation until the temperature is saturated. In other words, the TPMA was designed conservatively. In reality, the TPMA operates at the maximum thrust force for only a few seconds and the temperature of the coil does not reach the allowable maximum [39] . Thus, for a high-speed railway, the TPMA can operate normally, even when the outside temperature is high.
The design of a three-phase slotted tubular permanent magnet actuator (TPMA) with quasi-Halbach magnetization for improved thrust and reduced cogging force was introduced in this paper. The design was conducted using accurate and time-effective finite element (FE) analysis. Critical thermal parameters were determined through experiments on a six-slot prototype model. Through FE-based optimization, the thrust density increased by 35% considering magnetic saturation and forced convection under thermal and geometric constraints, and the cogging force of the prototype was reduced by 89% considering the quasi-Halbach array and slot opening. The thermal and dynamic characteristics of the prototype TPMA were verified by simulation and experiment. The results presented in this paper demonstrate that the proposed electromagnetic and thermal FE analysis can be used to verify the dynamic, electromagnetic, and thermal characteristics of an electromagnetic actuator. The proposed design contributes to the design of a large-scale tubular electromagnetic actuator, which can be applied to active lateral secondary suspension of a railway vehicle.
